The 1918 influenza pandemic caused disproportionately high mortality among certain age groups. The mechanisms underlying these differences are not fully understood.
Introduction
An estimated 50 million infected persons died during the 1918 'Spanish flu' pandemic, 1 making it the deadliest influenza pandemic on record. The massive death toll and public health significance of the event continue to motivate study of its transmission dynamics and impact. It is hoped that improved understanding of the etiology, epidemiology, and repercussions of the 1918 pandemic will better inform preparedness for future influenza pandemic events.
The epidemiological characteristics of the 1918 pandemic were unusual, and the mechanisms responsible for these observed patterns are still not well understood. 2, 3 Many regions experienced three waves of the pandemic within the same year, and for some regions, there was only a brief quiescent interval between the second and the third waves, which has not been well explained. 2, 3 Additionally, the demographic structure of morbidity and mortality is of interest. The 1918 pandemic disproportionally killed young adults, while school-aged children and the elderly were relatively unaffected. 4 Other influenza pandemics have also produced shifts in the age structure of infections, as compared with patterns observed for seasonal influenza, including a diminution of elderly infections; however, the apparent higher mortality rate in young adults (20- to 40-year-olds) manifest during the 1918 pandemic has not been recorded since this event. 3 Whether differences in transmissibility among age groups may have contributed to these patterns has not been examined in detail.
To explore the dynamics of the 1918 pandemic and to identify potential age-specific transmission patterns, we examined daily mortality data for age-stratified cohorts during [1918] [1919] [1920] in New York City (NYC). Four pandemic waves were evident in NYC from February 1918 to April 1920. For each wave, we identified the onset and ending and calculated the total pandemic-related mortality of each 1-year age cohort. Furthermore, to examine potential differences in transmissibility among age groups, we calculated the effective reproductive number (R e ) for each age (1-year interval) for all pandemic waves. We report the findings here and close with a discussion on the transmission dynamics of the pandemic and possible underlying mechanisms.
Methods

Mortality data
We obtained historical daily mortality data from the Genealogy Federation of Long Island. Death certificates between 1915 and 1923 in all NYC boroughs (Bronx, Brooklyn, Manhattan, Queens, and Staten Island) were scanned with permission and entered into a database with careful proofreading and validation. Mortality of all persons 1 year and older was included in the analysis. More details are available in the Appendix S1.
Identifying the onset and ending for each pandemic wave Mills et al. 5 defined the initial period of the 1918 pandemic (2nd wave) as the first 3 weeks with excess pneumonia and influenza (P&I) mortality greater than one per 100 000 population. Due to a lack of detailed demographic data, which would have provided a credible denominator (i.e. agespecific populations), we were unable to adopt the same definition for each 1-year age cohort. Instead, to capture the earliest pandemic signal and account for the mortality difference among age groups, we looked for daily mortality in excess of a prescribed threshold. A number of potential thresholds were tested (see Appendix S1); ultimately, we adopted a threshold that approximates the 90% quantile of mortality for each calendar day in interpandemic years. Mortality data in years 1915-1917 (pre-pandemic) and 1921-1923 (post-pandemic) were used as the baseline (interpandemic) years; given the limited duration of the baseline data (6 years) and the existence of extreme values within this record, the 90% quantile was defined as 120% of the second highest baseline mortality record for each calendar day. This threshold was also validated by application to the entire NYC population; excess daily mortality on the onset of each wave (i.e. 51, 70, 106, and 59 excess mortality, for a population of 5Á6 million in NYC 6 ) was comparable to the threshold adopted by Mills et al.
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Based on the mortality time series for the entire NYC population, there were four pandemic waves occurring roughly within the following periods: 2/15 to 6/1/1918 (1st wave), 8/1 to 12/2/1918 (2nd wave), 12/3/1918 to 4/30/1919 (3rd wave), and 12/1/1919 to 4/30/1920 (4th wave). These mortality increases can reliably be attributed to pandemic influenza, as other epidemiological studies have identified similar waves 7, 8 and molecular studies have confirmed that the pandemic strain was in circulation during early 1918. 9 Within each of these periods, for each 1-year age cohort, we searched for the first 7 consecutive day timespan with mortality exceeding the estimated 90% quantile threshold level (i.e. onset) and the final day of the last 7 consecutive day timespan with mortality exceeding the same threshold (i.e. ending). This objective search defined the endpoints and duration of each pandemic wave for each 1-year age cohort. All days between the onset and ending were then included as part of that cohort's age-specific pandemic wave. Due to noise in the daily mortality data, daily age-specific mortality can intermittently drop below the threshold, especially during the early phase of a pandemic wave. To account for this noise, we relaxed our definitions of onset and ending to allow 1 day (stricter threshold) or 2 days (looser threshold) among 7 not to exceed the threshold.
Total excess mortality
Previous studies have used median mortality 5 or a Serfling regression curve 8, 10, 11 during interpandemic years as a baseline for computing levels of excess mortality. Due to more random noise in the daily data used here, as opposed to weekly or monthly data, we found the former approach more suitable for this study. Per Mills et al.,
5 total pandemicattributable mortality was defined as the sum of mortality during a pandemic wave minus median daily baseline mortality summed for the same calendar period. Although the dates of onset and ending, as described above, varied with age group, we used a simpler, single longer period for each . These 'broader' intervals were simply the earliest onset and latest ending detected among all age cohorts for each wave and were used to capture all pandemic-related death.
Fractional mortality increase and age patterns
To facilitate comparison among age cohorts, we divided total pandemic mortality for each age cohort by cumulative baseline (i.e. median) mortality during the same calendar period. This measure of fractional total mortality increase accounts for different baseline mortality rates among age classes within the population. We calculated this in two ways. In the first, total mortality for a pandemic wave was summed over the calendar period specific to that 1-year age cohort based on the stricter threshold and then divided by the cumulative baseline mortality for the same period. This method allowed for examination of the most intense epidemic episode for each age. Alternatively, we summed the mortality and then divided by the cumulative baseline mortality over entire pandemic episode (i.e. the aforementioned 'broader' dates). Using these broader dates, this second method captures sporadic deaths occurring outside each identified intense pandemic period. However, because the denominator includes more cumulative baseline mortality, fractional mortality increase calculated this second way was generally lower than when calculated by the first method.
Effective reproductive number (R e ) for each pandemic wave
We estimated R e for each of the four pandemic waves. For the first and the second waves, R e is essentially the basic reproductive number (R 0 ). We assumed that the pandemic proceeded in a way that can be modeled by a susceptibleinfected-recovered (SIR) model, such that the increase in new cases is given by
where I is the number of infected, S is the number of susceptibles, N is the total population, b is the transmission rate, D is the infectious period, and t is time.
At the beginning of each wave, a certain portion of the population was uninfected (i.e. S = x N). For the first and second waves, the population was largely na€ ıve, that is, x % 1. Substituting for S/N in Eqn. 1 and then integrating yields:
where c is an integration constant. Mortality (M) is assumed to scale with I with a fixed case-fatality rate (CFR), that is,
Combining Eqns 2 and 3 yields:
Based on Eqn. 4, for each age cohort, we fitted daily mortality during the first 7 days of each wave with time to obtain the slope [i.e. (R e À1)/D] of the exponential period of the epidemic curve. The infectious period has been reported ranging from~2 to~4 days. 5, 12 We calculated R 0 or R e for D equals 2 and 4 days.
Results
Four pandemic waves in NYC
There appear to have been four pandemic waves in NYC throughout the years 1918-1920 ( Figure 1A ). The calendar durations of each pandemic episode for each age are plotted in Figure 2 . An estimated total of 41 188 people, or~0Á7% of the NYC population, died due to the pandemic. This estimate is slightly higher but consistent with estimates reported by Olson et al. 8 based on monthly mortality records and the Serfling method (40 500 deaths from February 1918 to March 1920). Mortality by age group is summarized in Table 1 . Overall, the 1-to 3-and 18-to 38-year age cohorts saw the most mortality during the pandemic (Figures 1B and S1). Substantial excess mortality was first recorded from 3/6 to 4/14/1918. Assuming a 7-10-day lag between infection and death, 13 introduction of the pandemic might have occurred during the final week of February, shortly after the decline of seasonal influenza activity that winter. As shown in Table 1 , very young children (<5 years olds) and young adults (20- 39 years) had the most mortality during the first wave, accounting for over 50% of total mortality.
The second pandemic wave affected most of the NYC population (<~60 years). Excess mortality occurred approximately from 9/21 through 12/2/1918; an estimated total of 21 853 people died during this wave. Mortality occurred predominantly among young adults with 34Á15% of deaths occurring among 20-to 29-year-olds and 25Á66% among Yang et al.
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-to 39-year-olds. In addition, these young adults appeared to experience a longer second wave ( Figure 2B ). This longer duration may in part explain the greater increase in total mortality for these groups, as compared to the first wave (by a factor of~10 versus~3-6 in other groups, Table 1 ). Although most age cohorts (<~60 years of age) had two mortality peaks from September 1918 to March 1919, some cohorts (e.g. the 28-year-olds) experienced increased mortality throughout the whole period without a clear division between the second and third waves ( Figures S3 and S4 ). We thus set the date with the lowest mortality for the entire NYC population (i.e. 12/2/1918) as the point of division between these two waves. The third wave persisted until 3/30/1919; about 9172 people died during this event.
The fourth wave occurred during the 1919-1920 regular wintertime influenza season. Mortality increased by a factor of~2 over baseline ( Figure 1A ). In addition, increased mortality was observed only during a brief period from 1/3 to 2/28/1920 and most heavily impacted the 20-to 29-, 30-to 39-, and 1-to 4-year-olds ( Figure 2D and Table 1 ).
Age-specific mortality patterns
To examine mortality patterns in detail, we calculated the fractional increase in excess mortality with respect to the baseline for each 1-year age cohort. Fractional mortality increases calculated using age-specific pandemic periods identify the most intense mortality increase among the age cohorts (left panel of Figure 3 ). For instance, the fractional mortality increase for~10-to 18-year-olds was much greater than for other groups when defined in this fashion. These dramatic mortality increases could be due to a clustering of infections over a short duration (e.g. transmission within a school). Some cohorts, specifically the~5-to 16-year-olds, only appear in the second wave, because their increased mortality occurred sporadically during the first wave rather than within a concentrated period (i.e. ≥6 days, Figures 2 and S2-S5). The 1-to 4-year-olds do not exhibit the highest fractional mortality increase, as this age cohort has a high baseline mortality (i.e. the denominator).
The right panel in Figure 3 shows the fractional mortality increase for each 'broader' pandemic episode. Despite the~5-to 16-year-olds having only sporadic increased daily mortality, consistent with Olson et al., 8 we found that this age group had the greatest fractional mortality increase during the first wave ( Figure 3B ). Given their lower CFR, 7,14 these results suggest higher attack rates among the~5-to 16-yearolds, especially during the first wave (see more discussion in Appendix S1). The greatest fractional mortality increase shifted toward young adults upon the second wave, as attack rates became comparable among 5-to 34-year-olds in the following waves. 7, 14 The age patterns of the last three pandemic waves are strikingly similar. In particular, peak mortality occurs among 25-to 29-year-olds (albeit less distinctly during the 4th wave). This similarity is illustrated in Figure 4A , in which the three episodes are superimposed with ages adjusted to the year 1918. It is further evident from Figure 4B , C that 20-to 29-year-olds had the highest fractional mortality increase throughout the final three waves. Other age groups that experience increased fractional mortality include teenagers, the early thirties, young children, and the late thirties. People >50 years of age were largely unaffected.
Previous studies found higher CFR for people under one year and twenty to forty based on US Public Health Service *FMI is the fractional mortality increase, calculated as the ratio of excess mortality to baseline mortality; these values were calculated over the broader pandemic periods corresponding to the right panel in Figure 3 ; the total FMI (last row) was calculated for the entire NYC population; therefore, it is not a sum or average over all age groups. household surveys conducted during 1918-1919. 7, 14 As shown in Figure 4B , C, the age-specific mortality patterns in the last three pandemic episodes are strongly correlated, with correlation coefficients of r = 0Á939 between the second and third waves and r = 0Á857 between the final two waves. It thus appears that the age cohorts that suffered the greatest mortality early in the pandemic continued to suffer the most. The correlations of age-specific mortality patterns among the second through fourth waves thus to some extent reflect the higher CFR among young adults.
Transmission characteristics (reproductive number)
The reproductive number is the average number of secondary cases that arise from one primary case. It reflects the transmissibility of the culprit pathogen and the growth rate of an epidemic. The effective reproductive number (R e ) Figure 3 . Age-specific mortality patterns in the four pandemic waves. Fractional total mortality increase is the ratio of total excessive mortality to total baseline mortality, either over the pandemic period specific to each age cohort (left panel) or the broader pandemic period for all age groups (specified in each figure, right panel). The numbers associated with the data points are ages at the time of each pandemic wave.
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typically fluctuates over time. To examine the change in pandemic growth rate, we calculated R e over the first 1, 2, and 3 weeks of each of the four pandemic waves for the entire NYC population. As shown in Figure 5 , R e declined with time as transmission persisted beyond the onset of each pandemic wave. For instance, assuming a mean infectious period (D) of 2 days, R e decreased from 1Á74 (1 week) to 1Á52 (2 weeks) and 1Á43 (3 weeks) during the most severe second wave. The decline in R e was more rapid in later waves ( Figure 5 ). However, surprisingly, R e at the very beginning of each wave was comparable; R e during the first week of each of the four waves was 1Á74 (95% CI: 1Á51-1Á97), 1Á74 (1Á63-1Á85), 1Á66 (1Á47-1Á85), and 1Á86 (1Á67-2Á05), respectively. This similarity of R e for the first week of each wave is curious. It may reflect initial growth of each wave in a new, previously unexposed subpopulation within NYC in which susceptibility had remained high. In subsequent weeks, as awareness of the outbreak grew and municipal control measures were implemented (e.g. banning of large public gatherings, closing of theaters, churches and schools, and mandated rapid burial of the dead 15 ), the growth of each outbreak slowed (i.e. R e declined).
To test potential differences in transmissibility among age groups, we calculated R e for each age during the first 7 days of each pandemic wave ( Figure 6 ). For simplicity, R e was calculated assuming transmission restricted within an age cohort. Using the stricter threshold definition, the R e for each of the four pandemic waves was, respectively, 1Á62 (95 CI: 1Á55-1Á68), 1Á68 (1Á65-1Á72), 1Á67 (1Á61-1Á73), and 1Á69 (1Á63-1Á74), assuming D = 2 days, and 2Á23 (2Á10-2Á36), 2Á37 (2Á30-2Á46), 2Á33 (2Á21-2Á45), and 2Á37 (2Á26-2Á48), assuming D = 4 days. These results are comparable to previous estimates made using whole population mortality.
5,16 R e s estimated based on the two threshold definitions (i.e. stricter and broader) were not significantly different (paired t-test, P = 0Á180 and 0Á501 for the first two waves, respectively). Statistical tests indicate that R e over the first 7 days were not significantly different between the four pandemic waves (ANOVA test, P = 0Á291). Similar to results for the entire population, if R e is calculated over a 14-day period, the results are significantly lower than when calculated over the 7-day period (for 2nd wave, one-sided paired t-test, P = 2Á2e-16). Over a 14-day period, R e estimates for the second and third waves were 1Á42 (1Á40-1Á45) and 1Á35 A B C Figure 4 . Correlations of age-specific mortality patterns in the final three pandemic episodes. The relative total mortality increase is the same as in Figure 3 . The numbers associated with the data points are ages in 1918. (1Á32-1Á37), assuming D = 2 days, and 1Á85 (1Á81-1Á89) and 1Á69 (1Á64-1Á74), assuming D = 4 days. The estimates for the third wave were significantly lower than those for the second wave (one-sided t-test, P = 5Á331e-06). We did not calculate the values for the first and final waves, due to the briefer duration of these waves (<14 days) for many 1-year age cohorts.
To look for potential trends of R e versus age, we did a simple linear regression for each wave. The correlation was not statistically significant for the first three waves (P = 0Á285, 0Á538, and 0Á532, respectively) and slightly significant for the fourth (P = 0Á026, adjusted r 2 = 0Á096). These results indicate that there generally was no systematic age-specific difference of R e among different age cohorts during the pandemic.
Discussion
Using daily NYC mortality data, we have identified the timing and age-distributed mortality pattern of each 1918 pandemic wave among 1-year age-grouped cohorts. Although less accurate for assessing disease transmission dynamics due to variability in individual time to death, 13 mortality records provide valuable information in the absence of detailed morbidity records. In contrast to other regions with a herald 1918 wave during spring-summer outside the regular flu season, 10, 11, 17 the first wave in NYC appears to have begun during a time of year typically suitable for the transmission of influenza. The timing and transmissibility of influenza (including pandemic influenza) may be affected by environmental conditions such as ambient humidity. [18] [19] [20] Typical low wintertime humidity levels should have created conditions favorable for the spread of influenza, and indeed, historical meteorological records indicate that humidity levels during February and March 1918 were low (data not shown). In fact, humidity levels were lower during the first pandemic wave than during the second and should have been conducive to the rapid transmission of influenza in a fully susceptible population. Yet, despite the presence of a supposedly fully na€ ıve population and favorable humidity conditions, the first wave appears to have been muted.
The first pandemic wave closely followed a seasonal influenza outbreak in NYC. People recently infected with this seasonal influenza would likely have had increased titers of antibodies for this seasonal strain. One possible explanation for the limited extent of the first pandemic wave is that individuals with those high seasonal influenza antibody titers benefitted from partial protection against the pandemic strain, despite any structural dissimilarities among these two influenza viruses. Indeed, short-lived non-strainspecific immunity has been proposed to occur following influenza infection and modify the attack rates of both seasonal and pandemic influenza. 21, 22 This partial immunity could have afforded protection for the population equivalent to herd immunity. Thus, the first pandemic wave could have been restricted among subpopulations with higher risk of infection, in particular, school-aged children, who have more frequent contact among peers and usually experience earlier and higher attack rates during both influenza epidemics and pandemics. 13, 14, 23, 24 Indeed, our analysis indicates that school-aged children had the highest fractional mortality increase during the first wave. As cross-immunity waned in the months following winter, 25 population susceptibility to the pandemic strain might have increased substantially so that by the onset of the second wave, an unchecked outbreak with severe morbidity and mortality had been enabled.
An analysis of the 1918 summer and fall waves in Copenhagen suggests that the CFR in the summer wave was many folds lower than fall (~0Á3% versus 2Á3%). 10 The idea that the virus obtained increased pathogenicity after having obtained broad transmissibility contradicts evolution theory. 26 Instead, if recently boosted immunity effectors (e.g. antibodies) from previous infections were able to provide partial cross-protection or down-regulate immunity specific to the pandemic strain, they might have reduced the chance of the 'cytokine storm' that is believed to cause most influenza-related deaths in young adults. 27 This hypothesis may provide an alternative explanation for the less severe mortality of the first wave in NYC and for the lower CFR in the first wave in Copenhagen.
The unusual age distribution of morbidity and mortality patterns during the pandemic is also noteworthy. Surveys conducted during 1918-1919 suggest that young adults (20-39 years of age) suffered high morbidity as well as CFR; persons 5-19 years of age had the highest morbidity but lowest CFR. 7, 14 In contrast, persons >~50 years of age had the lowest morbidity, and a CFR was comparable to interpandemic seasons (Figures 2 and 3 in ref. 3) . Generally, our analysis on NYC mortality records agrees with these prior findings. In addition, a recent study by Viboud et al. 28 found a minimum excess mortality risk at 9-10 years of age and a maximum at 24-26 years of age in fall 1918 in Kentucky. Here, we show that the fractional excess mortality dipped and peaked around the same age groups for NYC. This consistency suggests that these age-specific mortality patterns were not random. It has been suggested that exposure to a former circulating strain among the older population provided specific partial immunoprotection. 2, 3 Even so, this suggestion cannot fully explain the differing CFR among children versus young adults who both had no exposure to this previously circulating strain. As concluded in Viboud et al., 28 this atypical age mortality patterns likely result from a combination of unknown factors.
Based on ILI case reports over 2-4 weeks, Chowell et al.
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estimated R e for the three waves during the 2009 pandemic in Mexico; they showed that R e decreased from 1Á8-2Á1 in the spring to 1Á6-1Á9 in the summer and further to 1Á2-1Á3 in the fall (D = 3 and 4 days). The authors attributed this decline in R e to higher levels of herd immunity and better intervention measures in the later waves. Likewise, we found that R e over the first 2 weeks was greater at the second wave than at the third one. However, our analyses on mortality data over the first 7 days reveal that the R e s at the first week of the final two pandemic episodes were comparable to those in the first two waves. Due to the size of NYC and potential isolation of communities within the city, some subpopulations may have remained largely unaffected by early waves of the pandemic. It is possible that later waves of the pandemic were fomented through introduction of the virus into these na€ ıve communities. Therefore, at the very beginning of the later episodes, the pandemic could still grow at a pace comparable to the earlier waves. As susceptibles from these subpopulations depleted in the following weeks, particularly during the later waves, the wave then attenuated to a lower growth rate. Clearly, modern community structure differs tremendously from that of 1918; our society is now unprecedentedly interconnected. Nevertheless, heterogeneity among populations still exists and clusters of susceptibles may still be major targets during the later phase of an epidemic or pandemic. If so, more prevention measures (e.g. vaccination) should be allocated to communities with lower influenza prevalence. Further analysis of the heterogeneity of morbidity and mortality among the population may provide more insight into these ideas.
This study has several limitations. We used all-cause mortality data rather than more specific P&I data for this analysis. For the major pandemic waves (i.e. the second and third), these two mortality data sets were comparable (differing only by a factor of 1Á02 8 ); in contrast, as shown in Olson et al.,
8 excess all-cause mortality was 1Á42 and 1Á37 times higher than excess P&I mortality during the first and last waves, respectively. These differences may reflect increased attribution of influenza-related mortality to other causes during the weaker first and last waves when the pandemic was novel and trailing off, respectively. We thus used all-cause mortality to more comprehensively capture excess mortality during each of the pandemic waves.
Secondly, pandemic-related mortality was estimated by subtracting the median baseline mortality, which during the winter included deaths from seasonal influenza. This metric thus may have underestimated the total mortality in the last two pandemic episodes. To address this problem, an excess seasonal influenza-related mortality could be added to the last two pandemic episodes.
Thirdly, due to a lack of detailed demographic data during the 1918 pandemic, we scaled the mortality increase by the baseline mortality for each age group, rather than the population of that group. The premise is that the baseline mortality would roughly scale with the population size of each age. This assumption is most valid for age groups with similar all-cause mortality rates, that is, likely those~20-40 years of age. 30 Therefore, our approach is more accurate for comparing the age patterns of adults. Due to the higher baseline mortality associated with very young children (<5 years), their fractional mortality increases were lower than those of other groups, despite having a high absolute mortality increase (Table 1) . Nevertheless, previous studies of grouped data clearly have shown that young adults 20-40 years of age suffered the most mortality during the 1918 pandemic, 3, 8 in corroboration with the current findings. Additionally, we did not consider the age structure in the population when estimating R e . Rather, R e was estimated assuming the pandemic spread independently within each age group. While this assumption of independence is unrealistic, potential imbalance in the transmissibility among age groups may manifest as higher R e in certain age groups and should be detectable through our simple analysis. For instance, school children are usually assumed to have high R e due to more frequent contact within their age group. However, our estimation suggests that there was no significant difference in R e among age groups for the 1918 pandemic.
In conclusion, we have identified the calendar periods of the 1918 pandemic waves with improved precision, illustrated the demographic patterns of mortality within these episodes, and quantified the transmission characteristics for all four pandemic waves in NYC.
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